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E-mail address: frederic.devinck@uhb.fr (F. DevincThe watercolor effect (WCE) is a long-range color assimilation effect occurring within an area enclosed by
a light chromatic contour, which in turn is surrounded by a dark chromatic contour. Here, we studied the
effects of chromatic modulation of the WCE for different kinds of spacing between and within the induc-
ing contours, using a hue-cancellation method. When an empty zone or interspace was inserted between
the inducing contours (radial spacing), the hue shift required to null the induced coloration rapidly
decreased with increasing spacing between the two contours. Similarly, when the continuous contours
were replaced by dotted contours (lateral spacing), the shift in chromaticity quickly decreased with
increasing distance between the dots. In this case, the decrease was similar for chains of paired dots
(‘‘in-phase”) and chains of unpaired dots (‘‘out-of-phase”). Results demonstrate that the WCE is strongest
when the two inducing contours are spatially contiguous and continuous. The neural implications of
these ﬁndings are discussed.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
The watercolor effect (WCE) is a phenomenon characterized by
long-range assimilative color spreading, elicited by a pair of het-
erochromatic wiggly contours surrounding an achromatic surface
area (Pinna, 1987; Pinna, Brelstaff, & Spillmann, 2001). A dark out-
er contour ﬂanking a light inner contour is best for producing the
effect (Devinck, Delahunt, Hardy, Spillmann, & Werner, 2005). Un-
der these conditions, the enclosed surface area typically assumes
the hue of the lighter contour (see Fig. 1a). In addition to assimila-
tive color spreading, another phenomenon may be observed: the
subjectively colored area is perceived as ﬁgure while the surround-
ing area appears as ground (Pinna & Tanca, 2008; Pinna, Werner, &
Spillmann, 2003; Tanca & Pinna, 2008).
Although much is known about the boundary conditions pro-
ducing the WCE (Pinna, 2005; Pinna & Reeves, 2006; Pinna et al.,
2001; Spillmann, Pinna, & Werner, 2005), the neural origin of the
assimilative coloration remains unclear (Pinna & Grossberg, 2005;
von der Heydt & Pierson, 2006; Werner, Pinna, & Spillmann, 2007).
It has been demonstrated that theWCE is most salient when the
luminance contrast between the differently colored contours is
high and, paradoxically, when the inducing contours are narrow
(Devinck, Delahunt, Hardy, Spillmann, & Werner, 2006; Devinck
et al., 2005; Pinna et al., 2001). This suggests that contours must
be adjacent to one other in order to produce good watercolorll rights reserved.
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k).spreading. An empty zone introduced between the two contours
(radial spacing) would thus be expected to weaken the WCE due
to the fact that the spatial proﬁle is changed from a saw-tooth
approximation to two decrements spaced some distance apart. A
weaker WCE effect was indeed described by Pinna et al. (2001)
for spatially separated contours, although systematic quantitative
measurements were not reported.
One might also predict that interrupting the contours along
their extent, e.g., transforming them from continuous lines to dot-
ted lines (lateral spacing), might similarly weaken the WCE, as it
would render the effective contour stimulus suboptimal.
Two experiments were conducted in order to determine the
range over which chromatic border signals are spatially integrated
to enable illusory color spreading onto the enclosed surface area.
We assume that these parameters depend on the lateral dimen-
sions of cortical circuits mediating long-range color assimilation.
In the ﬁrst experiment, empty zones of various widths were intro-
duced between the lines to determine the range of spatial interac-
tion between the two contours mediating the WCE. In the second,
dotted lines with various dot densities were used in conjunction
with in-phase and out-of-phase dots.2. General methods
2.1. Observers
Four observers participated in these experiments, three were
naive, the fourth (author F.D.) was not. Observers ranged in age
Fig. 1. Examples of stimuli used. (a) Watercolor effect (WCE) with spatially
contiguous inducing contours. (b) An interspace separating the two contours
weakens the effect. (c) A contour made from pairs of in-phase dots produces a weak
effect. (d) The effect with out-of-phase dots. (e) Enlarged section of in-phase and
out-of-phase pairs of dots.
2912 F. Devinck, L. Spillmann / Vision Research 49 (2009) 2911–2917between 26 and 33 years. All had normal color vision (as tested
with the Ishihara pseudoisochromatic plates), and had normal or
corrected-to-normal visual acuity. Experiments were performed
in accordance with the principles of the Declaration of Helsinki
for the protection of human subjects.
2.2. Apparatus
Stimuli were presented on a Nokia 445Pro CRT monitor driven
by a Nvidia graphics card with a color resolution of 8 bits per chan-
nel. The experimental software was written in Matlab 7 (Math-
Works, http://mathworks.com), using the Psychophysics Toolbox
extensions (Brainard, 1997; Pelli, 1997). The monitor was cali-
brated using a Minolta colorimeter (CS 100 Chroma Meter) and
procedures set out by Brainard, Pelli, and Robson (2002). Observer
position was stabilized by a chinrest, and observer-to-screen dis-
tance was 83 cm. Both eyes were used for viewing.
2.3. Stimuli
Stimuli were presented in DKL color space (Derrington, Kra-
uskopf, & Lennie, 1984; Krauskopf, Williams & Heeley, 1982;
MacLeod & Boynton, 1979). DKL color space is a three-dimensionalopponent-modulation space based on the Smith and Pokorny
(1975) cone fundamentals. The sum of L and M cone excitations
varies on one axis (luminance), while L cone excitation subtracted
from M cone excitation varies on the second axis (L – M); and S
cone excitation subtracted from the sum of L and M cone excita-
tions varies on the third axis (S  (L +M)). The DKL axes were
scaled between 1 and 1, where +/1 corresponds to the maxi-
mum contrast for each axis on the monitor.
In the ﬁrst experiment, stimulus patterns consisted of a verti-
cally oriented rectangular surface, deﬁned by wiggly double con-
tours, on a white background (Fig. 1a). The enclosed surface
region was 4.7 by 15.2. The contours had a width of 0.8 arc
min and were sinusoidally shaped (i.e., undulated) along their ex-
tent at 1.5 c/deg with an amplitude of 0.83. They were composed
of different colors: an orange inner contour (CIE 1931 coordinates
x, y = 0.434; 0.391; Y = 31.4 cd/m2) and a purple outer contour
(x, y = 0.212, 0.134; Y = 14.2 cd/m2), presented on a neutral white
background (x, y = 0.33, 0.36; Y = 89 cd/m2). An empty zone or
interspace of ﬁve different widths (0, 1.24, 2.48, 6.22, and 12.43
arc min), was interposed between the inner and outer contours.
An example is shown in Fig. 1b. A value of 0 arc min denotes that
the two contours were contiguous as in the original WCE displays,
presented in Fig. 1a. The interspace had the same chromatic coor-
dinates as the background outside the rectangle.
In the second experiment, dotted lines were used as contours
instead of continuous lines (Fig. 1c and d). Dot chromaticities were
identical to those of the contours used in the ﬁrst experiment. Dot
diameter was 0.8 arc min, and the size of the enclosed surface area
was the same as before. Pairs of dots were separated by four differ-
ent gap sizes (5.2, 10.5, 19.4, and 31.6 arc min) and presented
either in-phase or out-of-phase (Fig. 1e).2.4. Procedure
Observers were dark adapted for 3 min before starting the
experiment. They were instructed to adjust the chromaticity of
the enclosed stimulus area until it appeared achromatic (hue-can-
cellation). For nulling, the luminance of the central area was held
constant, while the chromaticity along the L – M and S – (L +M)
axes in DKL color space was adjusted by pushing four keys on
the keyboard of a computer corresponding to these directions.
The initial color of the central area was picked randomly from
the L –M and S – (L +M) plane around the background point within
a radius of 0.3. The test pattern eliciting the coloration effect was
presented continuously in the center of the screen until observers
were satisﬁed with their settings and pressed a separate button on
the keyboard to end the trial and start the next one. The order of
the stimuli was randomized for each observer. A training session
preceded the experiments; thereafter each observer made ten set-
tings for each condition tested. All experiments were done in free
viewing.3. Results
Fig. 2 shows the results of Experiment 1. Each observer’s mean
settings are plotted in cone-based chromaticity-space coordinates
for each of the ﬁve contour separations (0–12.43 arc min). In this
ﬁgure, the x-axis represents L- to M-cone stimulation [l = L/
(L +M)] and the y-axis S-cone stimulation [s = S/(L +M)]. The unit
of s is normalized to 1 for light metameric to equal-energy white
(EEW), a chromaticity that appears approximately achromatic
when viewed in isolation. The mean color direction of the settings
for hue-cancellation is opposite to the spectral locus of the induc-
ing orange contour (the bold line in the graph shows the direction
towards the orange chromatic coordinates), implying that the color
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Fig. 2. Mean data required for nulling the WCE in a cone-based chromaticity space (MacLeod & Boynton, 1979). Symbols denote hue shifts for different observers: subject 1
(), subject 2 (j), subject 3 (N) and subject 4 (d). Individual panels represent data for ﬁve interspace widths. The solid line shows the direction towards the chromaticity
coordinates of the orange contour. Error bars are ±1 SEM.
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inducing contour.
We calculated the magnitude of the induced assimilation effect
by dividing the shift vector size by the inducing-contour vector.
The origin of each vector corresponds to the background chroma-
ticity coordinates. The shift vector for each condition is calculated
from the mean chromaticity settings of each observer, and the
inducing-contour vector is deﬁned by the chromatic coordinates
of the inner contour (orange). Thus, the magnitude of the chroma-ticity shift expresses the factor by which the experimental settings
for hue cancellation deviate from the chromaticity of the inducing
contour.
Fig. 3 (top) shows the ratio in percent between the shift-size
vector and the inducing-contour vector plotted as a function of
the width of the intermediate zone for each observer. Mean values
for all four observers are shown in Fig. 3 (bottom). The vector shift
required for hue cancellation decreased with increasing size of the
interspace, ﬁrst steeply (from 0 to 1.2 arc min), then more
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Fig. 3. WCE quantiﬁed by hue cancellation. The ratio between the shift-size vector
and the inducing-contour chromaticity vector is plotted as a function of the width
of the intermediate zone (radial spacing). (Top) results of hue cancellation are
displayed for the four observers in the top panel. Symbols denote averages for each
of four observers: subject 1 (}), subject 2 (h), subject 3 (M) and subject 4 (s).
(Bottom) mean data for four observers. Error bars are ±1 SEM.
2914 F. Devinck, L. Spillmann / Vision Research 49 (2009) 2911–2917gradually (to 6 arc min), before reaching an asymptote. Corre-
sponding mean chromaticity shifts were 6.8% for the regular
WCE (interspace = 0 arc min), 3.4%, then 2.8% and 1.5% (2). We
conclude that the WCE is most salient when the two inducing con-
tours are contiguous (i.e., ﬂanking each other).
Fig. 4 shows the results for Experiment 2 for all ﬁve dot separa-
tions, in-phase dots on the left and out-of-phase dots on the right.
The induced color direction of the settings for hue-cancellation is
again opposite to that of the inducing orange contour. The ratio
between the shift-size vector and the inducing-contour vector is
separately plotted for dots in-phase (Fig. 5, top left) and dots
out-of-phase (Fig. 5, top right), both as a function of the spacing
between the dots. Mean values are presented for all four observers
and for both conditions in Fig. 5 (bottom). The vector shift in chro-
maticity decreased again with increasing dot separation ﬁrst stee-
ply (from 0 to 5.2 arc min), then more gradually (to 10.5 arc min),
before levelling off (at 31.6 arc min). Corresponding chromaticity
shift were 6.8%, 2.11%, 2.81%, then 1.58% and 0.65%. We concludethat the WCE is most salient when the two inducing contours are
continuous (i.e., no gaps).4. Discussion
The perceptual effects of contour modulation on the strength of
the WCE were studied using two kinds of spacing: radial (or an
empty zone interposed between the inducing contours) and lateral
(gaps between dots). A hue-cancellation method was used for
quantiﬁcation. Results demonstrate that both spatial contiguity be-
tween and spatial continuity within the inducing contours play a
critical role for the induction of assimilative color onto the en-
closed central area. In Experiment 1, the strength of color assimila-
tion decreased rapidly as the separation between the inducing
contours increased in width. A similar decrease was found in
Experiment 2 with increasing separation between pairs of dots.
In both cases, this decrease occurred already with the smallest
spacing used (Figs. 3 and 5). These ﬁndings show that immediate
adjacency in both directions (radial and lateral) is crucial for the
WCE, suggesting that the neuronal implications for both kinds of
contour modulation may be analogous.
To account for the WCE, Pinna et al. (2001) proposed a two-
stage mechanism whereby color spreading starts locally, before it
spreads globally. The ﬁrst stage probably involves a high-spatial
frequency mechanism for processing the inducing contours, fol-
lowed by a low-spatial-frequency mechanism, enabling large-scale
color spreading onto the adjoining surface.
Speciﬁcally, these authors suggested that the coloration in the
WCE could be initiated by lateral inhibition between two kinds
of edge cells. Cells with receptive ﬁelds aligned along the purple/
orange contour would be strongly activated and would inhibit cells
with receptive ﬁelds aligned along the orange/white transition.
Consequently, the orange color would be locally released and
spread beyond that weakened edge. Color-oriented cells in area
V1 interacting with non-oriented neurons in area V2 (Roe & Ts’o,
1999) may mediate the large-scale color induction and perceived
ﬁlling-in of color from the stimulus boundary and provide an
explanation for the transformation of local signals to global signals.
This explanation is consistent with the assumption that the color
signals generated at the border of the enclosed surface area (i.e.,
the inner contour) propagate into the interior, thereby producing
the WCE. Additional evidence by Hung, Ramsden, and Roe (2007)
in cat demonstrates border-to-surface propagation from area V1
to V2 with both real and illusory (Cornsweet effect) brightness
contrast stimuli. These results suggest that oriented color-contrast
cells feed-forward signals to cells with receptive ﬁelds located in
the interior of the stimulus area. It is conceivable that the activa-
tion of inhibitory neurons is weakened by the introduction of an
empty zone between the purple and orange contours (Exp. 1). As
a consequence the strength of the WCE would be diminished.
An explanation based on summation, rather than inhibition, de-
rives color surface from oriented edge detectors. Edge cells are
maximally excited at the location of the luminance trough (off-
cells), and the location of this trough is mainly determined by
the dark (purple) line because of its high luminance contrast. At
this location, the cells that are polarity-selective would sense a col-
or gradient because their summation region on one side is stimu-
lated by the orange line. When a gap between the lines is
introduced, the orange line is gradually moved out of the summa-
tion zone, and the color gradient signal disappears. Assuming a
preferred spatial frequency of 4 c/deg in the fovea, this would be
around 7 arc min, exactly as the results in Fig. 3 show.
Both kinds of explanations are difﬁcult to reconcile with the size
of foveal and parafoveal receptive ﬁelds, which are several times
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Fig. 4. Mean data required for nulling the WCE for dotted inducing contours in a cone-based chromaticity space. Individual panels represent data for ﬁve gap sizes. Results for
the in-phase dotted pattern are presented on the left side and for the out-of-phase condition on the right side. Details are as in Fig. 2.
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(0.8 arc min).
A weakened neuronal response for dotted as compared to con-
tinuous contours (Exp. 2) might account for the greatly reduced
WCE with pairs of in-phase dots and out-of-phase dots (Fig. 4, bot-
tom). Neurons in monkey visual cortex generally prefer continuous
over dotted lines (Peterhans & von der Heydt, 1989) in agreement
with our psychophysical results.
These neuronal assumptions are compatible with the computa-
tional model developed by Grossberg and Mingolla (1985), which
posits that boundary grouping and surface ﬁlling-in can explain
the coloration effect in the WCE (Pinna & Grossberg, 2005). The
theory distinguishes between two parallel processing streams,
the Boundary Contour System (BCS), which generates perceptual
boundaries; and the Feature Contour System (FCS), which creates
features (e.g. color or texture) that ﬁll in the regions deﬁned by
the BCS. The ﬁrst one is insensitive to contrast polarity while the
second one is sensitive. Both systems act synergistically at the
same time. In the case of the WCE, the FCS will induce the orange
color within the inner contour while at the same time, the BCS will
inhibit the boundary between the orange contour and the back-
ground. As a result, the weakened boundary will allow orange color
to ﬂow out and spread, whereas the presence of a strong boundary(e.g., the purple contour) will be able to contain color spreading in
the other direction.
To test the idea that the WCE depends on a spatial proﬁle
resembling a sawtooth when blurred, we replaced the white inter-
mediate zone by a grey one whose luminance was in between the
luminances of the purple and orange contours. The results were
the same as before. We thus conclude that the WCE is severely
weakened and ultimately abolished by the spatial separation inter-
fering with the interaction between the two contours.
A similar explanation may hold for the results of the second
experiment in which the contours were broken up by gaps. Indeed,
Pinna and Grossberg (2005) proposed a pair of juxtaposed dots as
the limiting case for the WCE. This is consistent with our ﬁnding
that chains of dots produce a much weaker WCE than continuous
contours (Fig. 5), with large-scale coloration quickly disappearing
as the density of the dots becomes sparser.
Analogous results to those presented here were obtained with
other assimilation patterns. Wollschläger, Rodriguez, and Hoffman
(2002) used a ﬂank transparency display to study the degrading ef-
fect of small spatial separations between lines and ﬂanks. Using a
color-matching method, they found that gaps between the induc-
ing lines and ﬂanks led to a degradation of color spreading. These
data are comparable to those found by Redies and Spillmann
F. Devinck, L. Spillmann / Vision Research 49 (2009) 2911–2917 2917(1981) who showed that a small gap between the central red cross
and the black radial lines in the Ehrenstein ﬁgure abolished color
spreading in the neon color effect.
A similar result was recently obtained by Faitosa-Santana,
D’Antona and Shevell (2009) using the Boynton illusion. In this illu-
sion, the area bounded by a black wiggly contour appears to be
completely ﬁlled-in with the yellow color from a rectangular bar
sparing some of the surface (see Kaiser, 2006: www.yorku.ca/
eye/). The authors showed that this illusion was strongly reduced
with dotted contours in comparison to continuous contours.
The WCE presents a challenge to any model of large-scale chro-
matic assimilation. Devinck, Hardy, Delahunt, Spillmann, and Wer-
ner (2006) showed that the chromatic coordinates of the inner and
outer contours strongly affect the WCE. While purple and orange
are optimal inducers, inducing contours having chromaticities that
are not in opposite directions in color space, are not. Contour
manipulation of the kind used here would be expected to affect
the spread of watercolor even more.
Our experiments suggest that the WCE is a phenomenon that
depends uponmechanisms tuned selectively to particular conjunc-
tion of luminance and color contrast. Cortical cells sensitive to bor-
der ownership are candidates for explaining this characteristic of
the WCE. Such cells respond, for example, to a white–orange bor-
der, but not to an orange–white border (Zhou, Friedman, & von
der Heydt, 2000). This response asymmetry may lead to spreading
via long-range connections to impart not only the coloration, but
also associated properties deﬁning ﬁgure and ground.
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